Pigeonpea is an important pulse crop grown by smallholder farmers in the semi-arid tropics. Most of the pigeonpea cultivars grown to date are selections from the landraces, with a narrow genetic base. With the expansion of the crop to newer areas, problems of local importance are to be addressed. Hence, an economically feasible and faster germplasm evaluation mechanism, such as a core collection, is required. This article describes the development of core collection from 12,153 pigeonpea accessions collected from 56 countries and maintained at ICRISAT, Patancheru, India. The germplasm accessions from 56 countries were placed under 14 clusters based primarily on geographic origin. Data on 14 qualitative morphological traits were used for cluster formation by Ward's method. From each cluster %10% accessions were randomly selected to constitute a core collection comprising 1290 accessions. Mean comparisons using Newman-Keuls test, variances' comparisons by Levene's test, and comparison of frequency distribution by 1 2 -test indicated that the core collection was similar to that of the entire collection for various traits and the genetic variability available in the entire collection is preserved in the core collection. The Shannon-Weaver diversity index for different traits was also similar for both entire and core collection. All the important phenotypic associations between different traits available in the entire collection were preserved in the core collection. The core collection constituted in the present study facilitates identification of useful traits economically and expeditiously for use in pigeonpea improvement.
Introduction
Pigeonpea [Cajanus cajan (L.) Millspaugh], a major grain legume crop of tropics and subtropics, is grown as a field and/or a backyard crop in about 82 countries (Nene and Sheila 1990) . However, only in 18 countries it is grown as a regular annual field crop on 4.2 million hectare, with a production of 3 million tons and a productivity of 0.72 t ha À1 (FAOSTAT 2003) . India, Myanmar, and Nepal in Asia, Uganda and Tanzania in Africa, and Dominican Republic in Americas are the major pigeonpea producers. In India, which accounts for more than 80% world's pigeonpea production, the seed is primarily consumed as dhal (dried dehusked split cotyledons) and in Latin America the tender green seeds are used as canned peas. Various parts of pigeonpea plant are put to several other uses such as medicine, feed, fodder, fuel wood, hedges, windbreaks, roof thatches, and green manure. It also arrests soil erosion especially in sloping lands, and enriches the soil with organic content and provides nitrogen through symbiotic rhizobia. Due to these multiple uses of the crop, it plays an important role in subsistence agriculture.
In the past, majority of released pigeonpea varieties have been developed by pure line selection from the landraces for suitable maturity duration and disease resistance (Singh et al. 1990 ). For the last three decades, there has been increased emphasis in developing improved cultivars through hybridization. However, as in other crop improvement programs, the use of germplasm is still limited in pigeonpea for want of information on the specific traits of local importance. In order to effectively and economically maintain and utilize the world pigeonpea germplasm collections (>12,000 accessions), a need to develop a more comprehensive classification based on both morphological and agronomic characters was suggested (Reddy 1990) . A core subset derived from an existing collection comprises a chosen set of accessions that represent a wide cross-section of genetic spectrum available in a given crop species, with least amount of duplication. Such a core collection facilitates the genebank curators in doing a better job of assembly, management, and use of collections, particularly of indigenous genetic resources (Brown 1995) . The core collection is of immense value in crop improvement programs, since due to its reduced size it can be evaluated extensively and more economically for required traits.
Since the original proposal of Frankel (1984) , the rationale, purposes, and general principles of core collections have been investigated (Frankel and Brown 1984; Brown 1989a, b) and it was found that about 10% randomly drawn samples form the whole collection was relatively efficient in retaining of about 70% of its allelic variation (Brown 1995) . Following this approach, core collections have been constituted in several crop species including grain legumes, such as common bean (Tohme et al. 1995) , chickpea (Hannon et al. 1994; Upadhyaya et al. 2001a) , groundnut (Holbrook et al. 1993; Upadhyaya et al. 2003) , mungbean (Vigna radiata (L.) Wilcz.) (Bisht et al. 1998) , and pea (Wojciech et al. 2000) .
At Rajendra S. Paroda genebank, ICRISAT, Patancheru, India, 12,370 pigeonpea accessions have been assembled and conserved. Substantial characterization and evaluation data has been generated for several traits, including information on screening for the major stresses of pigeonpea during 1974-1998. The present study was undertaken to develop a pigeonpea core collection using data on 14 morphological descriptors.
Material and methods
The genebank at ICRISAT holds 12,370 pigeonpea accessions, which comprise mostly landraces, improved selections from the landraces, and breeding lines which are in trust following the agreement signed in 1994 with the Food and Agriculture Organization of the United Nations (FAO). Of these, 12,153 accessions from 56 countries, where most of the characterization information was available were used for developing the core subset. Data on 14 qualitative traits was considered for the formation of the core subset. These include: growth habit, plant pigmentation, flowering pattern, flower color, streak color, streak pattern, pod color, seed color pattern, primary seed color, secondary seed color, seed eye color, seed eye color width, seed shape, and seed hilum. All the above traits were recorded following the standard descriptors published by IBPGR and ICRISAT (1993) . The global 12,153 pigeonpea accessions from 56 countries were placed under 14 groups, primarily on the basis of geographical origin. The accessions from small (geographically) and adjacent countries with similar agro-climate were grouped together following Brown (1989a) . For India, where the pigeonpea crop has originated and extensively grown, the accessions from various provinces were formed into four broad groups. Based on the similar geographical and agroclimatic zones, the accessions from neighboring countries were clubbed with appropriate Indian provinces. Thus, the accessions from northwestern Indian provinces were grouped with those of Pakisthan and Iran; those from northeastern provinces with Myanmar and Nepal, and collections from southern provinces with Maldives and Sri Lanka. Accessions from central India and the Indian accessions with no information on the province of origin were formed into two separate groups. The other geographical groups included accessions from East Asia and Caucasus (three countries) Southeast Asia (three countries), Southern and Eastern Africa (nine countries), West Central Africa (seven countries), Americas (seven countries), Caribbean region (12 countries), Europe (four countries), and Oceania (one country). The accessions lacking information on country of origin were treated as a separate group. The data on the 14 morphological qualitative descriptors in each group was standardized following Milligan and Cooper (1985) to eliminate scale differences. The standardized data was subjected to the hierarchical cluster algorithm of Ward (1963) at R 2 (squared multiple correlation) equal to 0.75, using SAS (SAS Institute 1989) . This method optimizes an objective function by minimizing the sum of squares within groups and maximizing the sum of squares between groups. The agglomerative procedure starts with n groups, that is, one observation in one group (maximum between-group sum of squares) and proceeds by merging observations in groups so that the between-groups sum of squares decreases and within-groups sum of squares increases. In certain cases, the within-groups sum of squares will remain the same but it will never decrease. From each cluster approximately 10% accessions were randomly picked for inclusion in the core collection. At least one accession was included even from those clusters that had less than 10 accessions.
The means for the entire collection and core collection were compared using Newman-Keuls procedure (Newman 1939; Keuls 1952) . The homogeneity of variances in the entire and core collection were compared for all the morphological descriptors and agronomic traits by Levene (1960) test. The distribution homogeneity for each of the morphological descriptors and agronomic traits was also analysed by the 1 2 -test. For the quantitative traits, classes were formed based on range and distribution in the entire collection using standard deviation. The observed number of accessions in the core collection in each class was determined, and was tested against expected number of accessions using the 1 2 -test. The diversity index (H 0 ) of Shannon and Weaver (1949) was estimated and used as a measure of phenotypic diversity in the entire and the core collection for each trait. Phenotypic correlations were calculated for 14 qualitative and 17 quantitative traits among the entire and core collections independently, to see whether these associations which might be under genetic control, are conserved in the core collection or not.
Results and discussion
Based on 14 qualitative traits in the 12,153 accessions held in the ICRISAT genebank, a core collection comprising 1290 accessions (10.6% of entire collection) was constituted. The mean, range, and variance for the 14 traits considered for core collection formation are given in Table 1 . The means between entire collection and core collection was significantly different ( p ¼ 0.05) for only one trait, that is, plant pigmentation. For all the other 13 traits (growth habit, flowering pattern, flower color, streak color, streak pattern, pod color, seed color pattern, primary seed color, secondary seed color, seed eye color, seed eye color width, seed shape, and seed hilum) the means in the entire and core collection were similar. Among the 14 qualitative traits, the entire range (100%) was preserved for 10 traits (growth habit, plant pigmentation, flowering pattern, flower color, streak color, streak pattern, pod color, seed color pattern, secondary seed color, and seed hilum) in the core subset (Table 1) . For the remaining four traits (seed eye color, primary seed color, seed eye color width, and seed shape) the range varied from 88% to 98%.
Comparison of the variances for the 14 qualitative traits (Table 1) in the entire and core collection, indicated non-homogeneity only for plant pigmentation ( p ¼ 0.010). The remaining 13 traits showed homogeneity for variance indicating the similarity between the entire and core collection. Among the traits not used in core formation, variances between entire and the core collections were homogeneous for all traits.
Of the 25 qualitative and quantitative traits, which were not considered for the selection of the core collection due to availability of scanty data, for 24 traits the means of entire and core collection were not significantly different ( Table 2 ). The core and entire collection differed only for seeds per pod. It is noteworthy that the core and the entire collection did not differ for their mean in the important agronomic traits, that is, days to flowering, raceme number, days to maturity, shelling percentage, seed yield, harvest index, and reaction to all the three major diseases of pigeonpea [Phytophthora blight (Phytophthora drechsleri Tucker f.sp. cajani (Pal et al.) Kannaiyan et al.] , sterility mosaic (caused by pigeonpea sterility mosaic virus (Kumar et al. 2003) , and wilt (Fusarium udum Butler)]. Similar representation of the range was realized in the core subset for the traits that were not used in the development of core collection (data not given). For all the four qualitative and three agronomic traits (disease reaction for Phytophthora, sterility mosaic, and wilt) and for four quantitative traits of agronomic importance (primary and tertiary branches, raceme number, and seed yield) 100% range was captured in the core collection. For the remaining 13 quantitative traits the range preserved in the core collection varied from 72% (for harvest index) to 98% (for pod number). Among the traits not used in the core formation, variances between entire and the core collections were homogeneous for all the traits (Table 2) .
A comparison of frequency distribution and Shannon-Weaver diversity index in the entire and core collection for the various qualitative traits used in core collection formation is given in Table 3 . The frequency distribution using 1 2 -analysis indicated homogeneity of distribution, for all the qualitative traits used in core formation, except for pod color ( p ¼ 0.0276) and seed eye color width ( p ¼ 0.0004). The Shannon-Weaver diversity index (H 0 ) in the core collection was similar to the entire collection (Table 3) for all the 14 qualitative traits used in the core formation. The average H 0 in core subset was similar (0.333 ± 0.058) to that of the entire collection (0.318 ± 0.057).
A comparison of frequency distribution and Shannon-Weaver diversity index for the entire and core collection for the traits not used for core formation is given in Table 4 . All the 25 qualitative, agronomic, and quantitative traits showed homogeneity of distribution, except for seed protein ( p ¼ 0315), The Shannon-Weaver diversity index (H 0 ) was also similar in the core and entire collection for all the 25 traits. The average H 0 for these traits was 0.590 ± 0.0136 for entire collection and 0.582 ± 0.0160 for core collection (Table 4) .
Phenotypic correlations were worked out for all the 14 qualitative traits used in the composition of core collection and for 17 quantitative traits that were not considered in the core formation independently. With more than 12,150 degrees of freedom, a large number of correlation coefficients which have an absolute value greater than 0.037 were significant at p ¼ 0.0001. However, only two correlation coefficients had an absolute value greater than 0.71 (r 2 ¼ 0.50); suggested by Skinner et al. (1999) for the meaningful associations. They were between days to flowering and days to maturity (r ¼ 0.901 in the entire collection; r ¼ 0.928 in the core collection) and raceme number and pod number (r ¼ 0.908 for entire collection; r ¼ 0.889 for core collection). Variance homogeneity tested by Levene's test. The core collection presented here conserves all the phenotypic correlations (data not shown) observed in the entire collection. Further, the relationship observed between days to flowering and days to maturity in this study suggests that there may not be a need to record days to maturity in all the future germplasm evaluations, especially in areas where severe pod borer damage occurs and no stringent measures are undertaken for timely control of the pest. In such cases, the indeterminate nature of the pigeonpea crop with multiple flowering peaks could result in erroneous recording of observations on days to maturity. Hence, days to flowering could be used to predict the maturity duration. Other correlations with a magnitude less than 0.71 may be of interest to breeders. Such traits with moderate associations in the core collection include pod number with secondary branches (r ¼ 0.664) and seed yield (r ¼ 0.637), raceme number with seed yield (r ¼ 0.554), secondary (r ¼ 0.639), and tertiary (r ¼ 0.531) branches, seed yield with secondary branches (r ¼ 0.417), harvest index with shelling percentage (r ¼ 0.532), and 100-seed weight with leaf size (r ¼ 0.498) and pod length (r ¼ 0.498). These observations indicate that the essential co-adapted gene complexes, which might be responsible for the above correlations, are adequately preserved in the core collection for the exploitation by the breeder in the crop improvement programs.
So far, only a small fraction of the germplasm has been utilized in pigeonpea crop improvement programs. In the developing countries, where mostly pigeonpea is grown as a subsistence crop, the resources allocated for crop improvement are too meager to take up extensive evaluations. The core collection can be economically and effectively utilized in identifying traits of importance. For example, the P2 isolate of Phytophthora drechsleri causing Phytophthora blight disease leads to severe mortality in the major pigeonpea growing areas in northern India. About 2600 accessions have been screened and no resistance sources identified. Screening for resistance in the rest of the 10,000 germplasm available at ICRISAT, will take about 8 years, in addition to the involvement of significant resources. However, the core collection will allow us to estimate the genetic variability available in the entire germplasm in one year and possibly help us identify the resistant sources with reduced costs and time. Hence, a manageable core subset can be evaluated for requisite traits of local importance, as an entry point. Such core collections in grain legume crops have already facilitated specific evaluations such as for disease resistance (e.g., late leaf spot resistance (Holbrook and Anderson 1995) and Rhizoctonia limb rot (Frankel et al. 1999 ) in groundnut; resistance to white mold in common bean (Micklas et al. 1999) , and resistance for fusarium wilt race 2 in Pisum (McPhee et al. 1999) ; and for other agronomic traits (e.g., early maturity in groundnut (Upadhyaya et al. 2001b) , and seed size and early maturity in chickpea (H.D. Upadhyaya, unpubl. data) ]. Also, a core collection of pea facilitated identification of isozyme markers useful in chromosome mapping (Wojciech et al. 2000) . Pigeonpea research carried out in the last 30 years by ICRISAT and the other national programs has helped to produce short-duration (90-120 days) pigeonpea which facilitated in extending its cultivation in new cropping systems and increased its adaptability from 30 to 45 N latitude. Varieties with resistances to the three major diseases [Wilt (Fusarium udum Butler), pigeonpea sterility mosaic disease (caused by pigeonpea sterility mosaic virus (Kumar et al. 2003) , and phytophthora blight (Phytophthora drechsleri Tucker f.sp. cajani (Pal et al.) Kannaiyan et al.] have been identified. However, due to occurrence of pathotypes or virulent stains (e.g., P4 isolate of Phytophthora blight), resistance to these diseases has broken down ). Also, pigeonpea germplasm accessions were not adequately evaluated for abiotic stresses such as tolerance to acid soils, salinity, water logging; and for cooking quality. Similarly for biotic stresses of regional importance (e.g., Cercospora leaf spots (Cercospora spp.), pod fly (Melanogromyza obtusa (Malloch), and pod sucking bugs (Clavigralla spp.) in Eastern Africa), sources of resistance for use in breeding programs are required. In such cases the pigeonpea core germplasm subset constituted in the present study can be utilized for finding resistance sources. Also, a core germplasm subset can be utilized economically for genomics research, and the latter in turn can result in better strategies for developing, validating, and revising a core collection (Jackson et al. 1999) .
The list of pigeonpea accessions included in the core subset with the details on country of origin, ICP number, and the cluster number are available on diskette from the corresponding author.
